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Cell cycle
TelomeraseTelomerase maintains the ends of eukaryotic chromosomes, and its activity is an important param-
eter correlating with the proliferative capacity of cells. We have investigated cell cycle-speciﬁc
changes in telomerase activity using cultures of Desmodesmus quadricauda, a model alga naturally
synchronized by light/dark entrainment. A quantitative telomerase assay revealed high activity in
algal cultures, with slight changes during the light period. Signiﬁcantly increased telomerase activ-
ity was observed at the end of the dark phase, when cell division was complete. In contrast to other
models, a natural separation between nuclear and cellular division typical for the cell cycle in D.
quadricauda made this observation possible.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ends of eukaryotic linear chromosomes are protected from
degradation and fusion by telomeres. The maintenance of telo-
meres is effected in most eukaryotic organisms by telomerase, a
special reverse transcriptase that elongates telomeres, solving the
so-called end-replication problem (see [1] and references herein).
In multicellular organisms, telomerase is predominantly active in
regenerative and stem cell populations, but not in fully differenti-
ated tissues [2,3] where telomeres are shortened after each round
of DNA replication. Renewal of telomerase activity frequentlyaccompanies tumour progression. Telomerase activity and its reg-
ulation during the cell cycle has been investigated in several stud-
ies of vertebrate, yeast, slime mold and plant cells with different
outcomes. Human and hamster cell lines showed a tight regulation
of telomerase activity, with a peak in S phase [4,5]. These ﬁndings,
however, were questioned and revised by Holt et al. [6] who did
not ﬁnd any cell-cycle related changes in telomerase activity in hu-
man cells sorted by ﬂow cytometry [2], in contrast to those syn-
chronized using biochemical inhibitors of the cell cycle [4–6].
Increased telomerase activity occurred in tobacco BY-2 cells in
early S phase [7], but in late S phase for yeasts (see [1] for review)
and slime mold [8].
Synchronization of cell cultures is mainly achieved bymetabolic
agents that block the cell cycle at a particular phase, disturbing the
cell’s physiology. Thus, using model systems or synchronization
protocols that better reﬂect natural processes is preferred. Natu-
rally synchronized cells of the slime mold Physarum polycephalum
offer an uncomplicated cell cycle comprising only S, M and G2
phases [8]. A missing G1 phase and cellular division are advanta-
geous for studies of DNA replication but this system hardly reﬂects
all biological processes. Synchronization protocols of most green
Fig. 1. Schematic comparison of classical and multiple ﬁssion cell cycle of
Desmodesmus quadricauda. The classical model (A) describes G1 (growth phase), S
(DNA replication), G2 and M phases (nuclear division closely followed by cellular
division). The cell cycle of D. quadricauda (B, C) consists of G1, S, G2 and M phases as
a classical cell cycle but nuclear (M) and cellular divisions (C) are separated by a G3
phase. Progression of a simple binary ﬁssion sequence of growth and reproductive
events and light-dependency of key processes is illustrated in (B) with the light/
dark period indicated by white/black bars under the scheme of the DNA-division
sequence (B, C). The synchronized cell cycle is initiated by a light switch and during
the G1 phase the cell grows until its threshold size is attained (marked CP). CP
points to the stage in the cell cycle at which the cell becomes committed to
triggering and terminating the sequence of processes leading to the duplication of
reproductive structures (formally equivalent to start in yeast and the restriction
point in mammalian cells). The processes before attainment of CP are light and
growth dependent while the rest of the cell cycle after CP is light independent. After
CP, the pre-replication phase (pS, syn. late G1 phase) starts and the processes
required for the initiation of DNA replication are assumed to happen during this
phase. The S phase and G2 phase are the same as in the classical model comprising
DNA replication and activation of processes leading to the initiation of mitosis,
respectively. The M phase, during which nuclear division occurs, is followed by the
G3 phase which activates the processes leading to cellular division and ﬁnally, by
the C phase during which, cell cleavage produces daughter cells. The multiple
ﬁssion cell cycle of D. quadricauda shown in (C) illustrates overlapping sequences of
these events that occur within a single cell (see also Appendix S1 for details).
Depending on the length of illumination and light intensity, the cells can attain one,
two or three CPs for ﬁnal division into 2, 4 or 8 daughter cells. In experiments
presented in this work, all cells completed the ﬁrst M phase during the light period
and the ﬁnal cell population contained only 4- or 8-celled daughter coenobia
(illustrated by dashed line of the ﬁrst G3 phase and cell dividing to two daughter
cells shown in grey). Modiﬁed after [13].
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present in nature and their telomeres are maintained by telome-
rase [9].
The Arabidopsis-type telomeric repeat forms telomeres of the
green monoplastidic alga Desmodesmus quadricauda (Sphaerople-
ales, Chlorophyceae), an organism that has a long established his-
tory in cell cycle research [10,11]. In contrast to other model
green algae, progression of the D. quadricauda cell cycle more clo-
sely resembles that of other eukaryotes (Fig. 1) and is regulated
by the activities of CDK-like kinases and a histone H1 kinase
[12,13]. D. quadricauda divides by multiple ﬁssion cell cycles
(Fig. 1) into 2, 4, or 8 daughter cells [10,11]. The newly formed
cells from a single mother stay connected together in coenobia.
The multiple ﬁssion cell cycle consists of several overlapping se-
quences of G1, S, G2 and M phases followed by a D. quadricauda-
speciﬁc G3 phase (separating nuclear and cellular divisions) andcytokinesis. Thus in D. quadricauda cells, nuclear and cellular divi-
sion are naturally separated. Synchronization of D. quadricauda
cell cultures is achieved by the physiological process of alternat-
ing light/dark periods. During the light period, the cells grow and
progress through the cell cycle. During the dark phase, all light-
independent processes (DNA replication, nuclear and cellular divi-
sions) are completed and cells enter the subsequent G1 phase
(designated here as G10). The dark period ensures that no cells
can grow after ﬁnishing cell division and therefore serves as a
major synchronizing factor. Properly synchronized cultures con-
tain cell populations with 100% of the cells entering the cell cycle
and undergoing mitosis within 2–3 h (time ratio of mitosis to cell
cycle is 1:10). The three cell divisions are completed within 4 h
(Fig. 1) [10,11,14]. This is in contrast to synchronization proce-
dures of human or plant cells, during which a limited number
of cells (40–60%) enter the cell cycle and the progression of such
cells through a single mitosis (quantiﬁed by mitotic index) takes
3–5 h [15].
In the present work, we analyzed telomerase dynamics during
the cell cycle of highly synchronized D. quadricauda cultures.
Exceptionally high telomerase activity was detected in algal cul-
tures, with small changes occurring during the light period of the
cell cycle. A marked increase in telomerase activity was observed
during the dark period of culture when cell division of coenobia
was completed, suggesting a link between the regulation of telo-
merase activity and the cell cycle.2. Materials and methods
2.1. Culture growth conditions and cell cycle synchronization
The chlorococcal alga Desmodesmus quadricauda (Turpin) Hege-
wald (syn. Scenedesmus quadricauda (Turp.) Bréb.), strain Greifs-
wald/15 (CCALA 463) was obtained from the Culture Collection
of Autotrophic Microorganisms maintained at the Institute of Bot-
any ASCR, Trˇebonˇ, Czech Republic. The cultures were grown at
30 C in the inorganic nutrient medium described by Ref. [16], aer-
ated with air containing 2% (v/v) CO2, and illuminated by OSRAM
L36/41ﬂuorescent tubes; the light intensity at the surface of the
culture vessels was 490 lmol m2 s1. During the synchronization
procedure (at least three consecutive cycles of alternating 15/9 h of
light/dark) preceding the experiment, the cell concentration was
maintained at 1  106 cells ml1 during the light phase in order
to retain cellular synchrony. To initiate the experiment, the culture
was initially diluted to 2  106 cells ml1 to maximize the
amount of material available for biochemical analyses. During
the experiments, the synchronized cultures were either grown un-
der the same conventional conditions, or were exposed to different
light/dark cycles (for details see Section 3).
2.2. Assessment of cell cycle progression
2.2.1. Commitment point curves
Samples were taken hourly or bi-hourly from a synchronous
culture during the light period and incubated under aeration at
30 C in the dark. At the end of the cell cycle, the proportions of
binuclear daughter cells, 4- and 8-celled daughter coenobia, and
undivided mother cells were assessed and plotted against the time
of transfer to darkness [10,17].2.2.2. Nuclear divisions
Nuclei were stained by SYBR Green I dye (Molecular Probes) and
the percentages of mono-, bi-, tetra- and octonuclear cells were
estimated using ﬂuorescence microscopy technique developed by
Vítová et al. [18].
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Hourly taken Samples were ﬁxed in 0.25% glutaraldehyde. The
percentage of undivided mother cells, mother cells divided into
two, four, or eight protoplasts, and daughter coenobia were
determined.
2.3. Determination of total DNA, RNA, and protein levels
Total nucleic acids and proteins from control samples were ex-
tracted and measured as described by Zachleder et al. [19].
2.4. Preparation of telomerase extracts
Telomerase activity was determined using a protocol developed
for plant telomerases [3,20] and modiﬁed for use with algae [9,21].
Brieﬂy, 20 ml of culture was centrifuged at 5000g for 5 min, and
cell pellets were disrupted by vortexing with zirconic beads (1 mm
diameter) in extraction buffer [3]. After centrifugation at
100000g for 15 min, the telomerase-containing fraction was en-
riched from 500 ll of supernatant solution (crude protein extract)
by precipitation with PEG 8000 (10% ﬁnal concentration) and the
pellet was dissolved in 30 ll of extraction buffer. Alternatively,
samples of crude protein extracts (without PEG precipitation) were
used in a TRAP assay. The amount of total protein in extracts was
determined using the Bradford method [22] or by the Bicinchoni-
nic Acid Kit for Protein Determination (Sigma Aldrich).
2.5. TRAP assay
The telomere repeat ampliﬁcation protocol (TRAP) assay was
performed using protein extracts containing 50 ng of total protein
and combination of a substrate primer TS21 and reverse primer
(TELPR30-3A) according protocol described in [9]. Products were
analyzed by polyacrylamide gel electrophoresis (PAGE), stained
by GelStar(R) Nucleic Acid Gel Stain (LONZA) and visualized on a
LAS3000 (FujiFilm). The quantitative version of the TRAP assay
was performed as described by Herbert et al. [23] using FastStart
SYBR Green Master (Roche) using the same primers. Samples were
analyzed in triplicate in a 20 ll reaction mix. Ct values were deter-
mined using Rotorgene6000 (Qiagen) software and relative telo-
merase activity was calculated by the DCt method [24].3. Results
3.1. Optimization of the telomerase puriﬁcation procedure and qTRAP
analysis
D. quadricauda possesses an Arabidopsis-type telomere and pro-
tocols for telomerase activity, detection and quantiﬁcation could
be adapted from existing plant telomerase protocols. Telomerase
extracts were prepared from algal samples, roughly corresponding
to G1, S, M, M/D and G10 phases (Figs. S1 and S2). We tested telo-
merase activity in a pilot experiment by a standard in vitro TRAP
assay using the same input protein level. In the ﬁrst step of this as-
say, telomerase adds telomeric repeats to non-telomeric substrates
(substrate primer). An extension product is then PCR-ampliﬁed in
the second step using the same non-telomeric substrate primer
and a telomeric oligonucleotide as a reverse primer. Telomerase
activity was demonstrated in all samples investigated (Figs. S1
and S2). To determine the conditions for the quantitative analysis
of telomerase activity (qTRAP) in D. quadricauda samples, we opti-
mized the preparation of protein samples (material disruption,
protein extraction, centrifugation, see Section 2) and performed
control qTRAP experiments (see Supplementary material). Finally,
the PEG-precipitation protocol was found suitable for preparationof telomerase extracts, including efﬁcient removal of inhibitors
(Figs. S1 and S2, Supplementary material).
3.2. Telomerase activity during the multiple ﬁssion cell cycle of D.
quadricauda
Pilot experiments (see above) were performed using samples
roughly corresponding to different phases of the cell cycle and
showed a slight increase in telomerase activity during the S phase
(Fig. S1B). A partially different outcome was observed in parallel
experiments (Figs. S1, S2) suggesting a necessity to investigate
changes in telomerase activity in more detail, and also because
each biological replica had its own growth characteristic. Another
pilot experiment was performed under standard conditions (15/
9 h of light/dark) and with hourly collected samples from two bio-
logical replicates, two sub-replicates of the latter also served as a
technical replicate (Fig. 2). Very high synchrony was well docu-
mented by progression through cell division; the cells underwent
two or three rounds of cell division within 3 h (Figs. 2 and S2).
However in several PEG-puriﬁed telomerase extracts from the
hourly collected replicates, the protein concentration required for
establishing a qTRAP assay was not determined (the protein level
was below our detection limit), and thus were omitted from the
qTRAP analyses. These excluded samples were collected at the
beginning of the cycle and after the 8th hour, when algal cultures
were diluted to maintain optimal growth conditions. For qTRAP
analysis of other hourly collected samples, results were normalized
to the 7th hour of the cell cycle (before dilution of the culture) and
the relative telomerase activity (increase/decrease) was deter-
mined (Fig. 2A). Generally, absolute telomerase activity in D. quad-
ricauda samples was very high (see Section 4) and small changes
observed during the light period were not signiﬁcant. However,
telomerase activity was notably increased during the dark period
after cell division of coenobia was complete (Figs. 2A and S2C).
Changes in telomerase activity were different in the biological rep-
licas (Figs. 2, S1 and S2) in last 2 h of the experiment, showing
either a constant level or a mild decrease, thus provoking the ques-
tion of how telomerase activity is equalized at the beginning of a
new cell cycle.
3.3. Increased telomerase activity during the dark phase corresponds
to completion of cell division
We conducted a modiﬁed experiment (i) to verify the telome-
rase activity pattern during the dark period; and (ii) to determine
whether lower telomerase activity at the beginning of the cell cycle
might be a light-generated or dilution-generated stress response.
The experimental design was modiﬁed as follows – (1) the cultures
were followed during a prolonged dark period after cell division
was completed and during the early hours of the light period of a
new cell cycle, (2) dilution in the 8th hour was omitted and (3)
the initial concentration of cells was 4  106 cells ml1. Two exper-
iments were conducted differing only in the timing of the onset of
the light period (Fig. 3A) allowing identiﬁcation of any light-depen-
dent and/or synchronization regime-dependent changes in telome-
rase activity. Samples from the two experiments (with two
technical replicas each) were collected at distinct time points as
described in Fig. 3. Progression through the cell division within
the population was calculated for both biological replicas as the
division index that sums the numbers of cells divided into 2, 4,
and 8 daughter cells respectively. It conﬁrmed the highly synchro-
nous cell cycle progression because 100% of the cells underwent
two or three nuclear divisions within 4 h (Fig. 3A, see also above).
Telomerase activity in samples from hours 0, 4, and 14 (the end of
light period) of the ﬁrst cell cycle conﬁrmed telomerase activity
levels similar to those of the previous standard experiment
Fig. 2. Telomerase activity analysed by qTRAP in synchronized algal cultures during cell cycle progression. Increased relative telomerase activity (A) in the dark period during
and after cellular division was observed. The quantitative analysis was related to the 7 h sample (hatched box) which was analysed in all replicas and was collected before
culture dilution. Several samples were omitted from qTRAP due to their low protein concentration (see Section 3) and data from individual replicas are shown at 2, 3 and 9 h.
Progress of the cell cycle in a population of a representative replica (B) is documented by cellular characteristics of commitment points (CP), nuclear division (ND) and
protoplast division (PD) with a schema of multiple ﬁssion cell cycle progression within a single cell related to completion of individual processes in 50% of the population
above the curves. The molecular changes (C) are reﬂected by curves showing accumulation of RNA, DNA and protein (calculated in pg per mother cell), the mean cell volume
curve clearly shows that most of the cells divided at hour 20. The bars above graphs mark light conditions.
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crease in telomerase activity in the hours following completion of
cell division (Fig. 3A). Control measurements of DNA (Fig. 3C) con-
ﬁrmed that this increase in telomerase activity was not connected
to DNA replication. No further nuclear division or growth was ob-
served (Figs. 3C and S3). Telomerase activity remained elevated
during the entire dark period and persisted into the light period;
it gradually decreased during the early light period but the de-
crease was not directly linked to the light switch. When compared
to the results of the standard experiments (Fig. 2A), there was a
good agreement in the general pattern of telomerase activity. High
telomerase activity accompanied the completion of cell division
and the activity gradually decreased but stayed elevated until the
attainment of the ﬁrst CP. Thereafter, it declined until the next cell
division.
4. Discussion
Telomerase regulation during the cell cycle is of longstanding
interest in telomere biology. Telomerase needs to be active in
maintaining telomere length either prior to or early in S phase. Sur-
prisingly, we observed increased telomerase activity concomitant
with and after completion of cellular division (Figs. 2 and 3). In
contrast to other model systems used for studying cell-cycle
dependent telomerase regulation, the D. quadricauda cell cycle nat-
urally separates nuclear and cellular division so our results indicate
a new connection between telomerase regulation and cell cycle
control. Detailed studies of telomerase action on yeast telomeric
ends showed that high telomerase activity in vitro does not neces-
sary lead to telomere repeat synthesis in vivo (see [1] and refer-
ences herein). As no telomere-speciﬁc cellular process is assigned
for cellular division or the subsequent G1 phase of the cell cycle
(designated here as G10), the increase in telomerase activity may
be connected to non-telomeric functions as was presumed for a
human telomerase role in signalling pathways, transcription or in
mitochondria (see [25] for review). Concomitant with cell division
in green algae are chloroplast and mitochondrial divisions [26,27]which are not fully described yet and might be alternative targets
for telomerase non-telomeric functions. The phase-speciﬁc meta-
bolic processes connected to cell cycle progression in the G1 phase
during the dark period or the light period should be technically
identical, except for photosynthesis; however, no systematic stud-
ies of this cell cycle phase have been published. Thus, a connection
between the regulation of telomerase activity and the start of a
new cell cycle is of interest. Assembly of the telomerase complex
is not sufﬁcient to initiate the synthesis of telomeres until other
critical factors are supplied, such as cyclin/cdk activity [28] and
accessibility of telomeric ends (see [1] and references herein). A
complete transit across the G1 phase is governed by the presence
of extracellular growth factors and biochemical processes that al-
low the cell to bypass the restriction point. These include hyper-
phosphorylation of Rb protein, the functional activation of E2F-1,
loss of several cyclin-dependent kinase inhibitors and subsequent
accumulation of a threshold level of cyclin/CDK activity [29], the
homologs of which are present in green algae [30–33]. Telomerase
interacts with the Rb pathway (see [34] for review); its over-
expression caused increased cyclin D1 expression and conse-
quently hyperphosphorylation of Rb [35]. It is conceivable that
these molecules are also one of the targets of telomerase during
the G1 phase. The interaction between telomerase and the Rb path-
way seems to work both ways as functional Rb down-regulates tel-
omerase activity [29]. Therefore the two activities could be
counteracting each other until some cell cycle event (attainment
of restriction point) favours one of them.
Analysis of D. quadricauda telomerase activity by qTRAP re-
vealed high telomerase activity throughout the multiple ﬁssion cell
cycle. Although no direct comparison of telomerase activity in cells
of different models (algae, plants) has been made, there were strik-
ing differences between Ct values obtained in our analyses with D.
quadricauda (Ct values in the range of 9–10) extracts diluted to a
protein concentration of 50 ng/ml compared with other models.
For comparison, analysis of telomerase activity of Arabidopsis tha-
liana telomerase positive tissues (buds, 7-day old seedlings),
showed Ct values in the range of 18–20 and 15 in A. thaliana cell
Fig. 3. Telomerase activity during experiments with prolonged dark periods. Relative telomerase activity (A, related to the 0 h samples) in two biological replicas (K1, K2)
with different light conditions (marked by bars above graphs) was elevated during and after cellular division, depicted as division index curves (also compare with protoplast
division curves in B) and slightly decreased during a prolonged dark period. Other cell cycle processes (attainment of CP and ND) are not depicted in the graph since the
culture was not sampled during the time at which they usually occur. Progression of the last ND was masked by concurrently undergoing PD. However, the timing and
progression through PD suggests that other cell cycle processes run similarly to the previous experiments. A light switch at hour 25 (replica K1) and hour 27 (replica K2) did
not signiﬁcantly inﬂuence telomerase activity. (C) Cell growth arrest in the dark and progression through cellular division in the population is illustrated by changes in the
mean cell volume; the DNA level in both replicas was not changed after the light switch (grey arrows) but the RNA level was elevated in response to light (both calculated in
pg per mother cell).
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tems. Telomerase activity in crude extracts of cultured dinoﬂagel-
lates was reﬂected in a Ct value of 25 (Fojtová, M., unpublishedresults). Ct is the number of PCR cycles in quantitative assay, when
the ﬂuorescence of SYBR Green I dye increases above a threshold;
in fact Ct reﬂects the amount of template in the reaction mixture,
748 T. Ševcˇíková et al. / FEBS Letters 587 (2013) 743–748i.e. lower Ct indicates higher template concentration. Thus differ-
ence in Ct values by 1, 2, 3 reﬂects 2, 4, 8 times higher/lower rela-
tive telomerase activity. In this respect, the extremely high
telomerase activity in PEG-precipitated extracts from D. quadricau-
da suggests that this is a good model system for further studies,
where changes in telomerase activity (e.g. following various treat-
ments, changed living conditions etc.) can be precisely determined.
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